Abstract. In order to evaluate the uncertainty associated with the impact model in climate change studies, a CO 2 responsive version of the land surface model ISBA (ISBA-Ags) is compared with its standard version in a climate impact assessment study. The study is performed over the French Mediterranean basin using the Safran-Isba-Modcou chain. A downscaled A2 regional climate scenario is used to force both versions of ISBA, and the results of the two land surface models are compared for the present climate and for that at the end of the century. Reasonable agreement is found between models and with discharge observations. However, ISBA-A-gs has a lower mean evapotranspiration and a higher discharge than ISBA-Standard. Results for the impact of climate change are coherent on a yearly basis for evapotranspiration, total runoff, and discharge. However, the two versions of ISBA present contrasting seasonal variations. ISBA-A-gs develops a different vegetation cycle. The growth of the vegetation begins earlier and reaches a slightly lower maximum than in the present climate. This maximum is followed by a rapid decrease in summertime. In consequence, the springtime evapotranspiration is significantly increased when compared to ISBA-Standard, while the autumn evapotranspiration is lower. On average, discharge changes are more significant at the regional scale with ISBA-A-gs.
Introduction
The Mediterranean basin is recognized as an area particularly vulnerable to climate change during the 21st century. A pronounced decrease in precipitation, especially in the dry season, and an increase in temperature are expected, together
Correspondence to: E. Martin (eric.martin@meteo.fr) with an increase in the climate variability (Giorgi, 2006; Giorgi and Lionello, 2008) . In France, Boé et al. (2009) used an ensemble of climate scenarios to force the hydrometeorological model chain Safran-Isba-Modcou (SIM, over France and found a significant impact on the snow cover, surface water balance, and river flows, especially in the Mediterranean area.
Impact studies are usually designed as follows: global socioeconomic assumptions are made that are used to drive general circulation models (GCM); then the model results are downscaled and/or unbiased and used to force an impact model. The associated cascade of uncertainty in climate impact assessment begins with the construction of future emission scenarios and ends in impact assessment. In the past, significant attention has been paid to uncertainty in GCMs and emission scenarios. Recently, the role of the downscaling procedures has been studied in more detail. Leander et al. (2008) and van Pelt et al. (2009) showed that dynamical downscaling must be complemented by bias corrections or resampling in order to force hydrological models in climate change impact studies. Boé et al. (2009) compared a statistical downscaling method with a dynamical downscaling associated with a bias correction in a study at the scale of France, and concluded that the uncertainty associated with the downscaling method was not negligible but was lower than the uncertainty associated with GCMs. Quintana- Seguí et al. (2010) , in a study of the Mediterranean area, compared three downscaling methods: dynamical, including bias correction; statistical; and the very simple anomaly method. They confirmed this result but found that the uncertainty in the downscaling could lead to significant differences when studying extreme rainfall or discharge events. The last two studies used the ISBA-MODCOU hydrometeorological model in their hydrological impact assessment and did not treat the uncertainty associated with the hydrometeorological model.
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To date, little recognition has been given to the role of the hydrological model uncertainty in future assessments. The recent RexHySS (Ressources en eau et Extrêmes Hydrologiques dans les bassins de la Seine et la Somme) project (Ducharne et al., 2010) tried to compare the uncertainties associated with the socioeconomic scenario, the general circulation model, the time horizon, the downscaling method, and the hydrological model in a study of the Seine and Somme rivers in northern France. This study was done by multiplying the simulations using different socioeconomic scenarios (A2, A1B, B1) and using GCM results from the CMIP3 database for the middle and end of the 21st century. In addition, this study used two downscaling methods (Boé et al., 2009 and Déqué et al., 2007) . The uncertainty associated with the hydrological model was assessed using five hydrological models. A robust decrease in summer flow was found, while moderate changes occurred in the flood regime. The major source of uncertainty came from the GCM, followed closely by the hydrological model and the downscaling method. This study, among the most comprehensive studies in the treatment of uncertainties, confirmed that the uncertainty associated with the hydrological model is not negligible in climate impact studies.
While the atmospheric carbon dioxide concentration is expected to increase significantly, most evapotranspiration formulations in hydrological models do not take into account the direct effect of carbon dioxide on plant physiology. Hence, the estimated evapotranspiration may be biased for future climate simulations. Actually, the increase in the atmospheric CO 2 concentration has a fertilization effect that leads to an increase in vegetation biomass and an antitranspirant effect that reduces the leaf stomatal conductance. The balance between the two effects depends on the climate and the type of plant. A comprehensive carbon cycle is introduced in some GCMs (e.g. Friedlingstein et al., 2006) . At the global scale in offline mode, Gedney et al. (2006) considered only the antitranspirant effect and logically concluded that this effect may have contributed to an enhancement of river flows during the 20th century. Calvet et al. (2008) performed a sensitivity study with the ISBA-A-gs model, accounting for both fertilization and antitranspirant effects, for three vegetation types in southwestern France. A significant CO 2 -driven reduction of canopy conductance was simulated for irrigated maize and coniferous forest, while the wheat response was more balanced.
In the present study, our objective is to contribute to the exploration of the uncertainty associated with the representation of land surface processes in climate impact studies. We focus on the Mediterranean area and compare two versions of the land surface model ISBA: the classical version of the land surface model ISBA (ISBA-Standard, Noilhan and Planton, 1989) and the more advanced version (ISBA-A-gs, Calvet et al., 1998) that takes into account the direct effect of carbon dioxide on plant physiology and explicitly simulates the combined impact on hydrology of changes in the water and carbon cycle. These models are described in detail in Sect. 3. The downscaled A2 climate scenario from Quintana- Seguí et al. (2010) , covering the French Mediterranean described in Sect. 4, was used in this study. Then the two ISBA versions are compared and the impact on the simulated hydrological cycle is discussed.
The study area
This study was focused on the Mediterranean region of France, defined by the French Mediterranean basin (Fig. 1) , with a surface of 147 000 km 2 . The largest river is the Rhône. The corresponding basin covers a significant part of the region, encompassing a large range of climatic conditions (continental, Mediterranean, and Alpine climates). Some tributaries (e.g. the Isère and the Durance) are influenced by the snow cover, while the Saône river in the north of the domain is not subject to a Mediterranean climate but to an Atlantic influence. The area is also characterized by many small basins that flow directly to the Mediterranean or are tributaries of the Rhône in its southern part. The surface of the Rhône basin (including its Swiss part) is 95 500 km 2 , while the surface of the other main Mediterranean rivers, such as the Aude, Hérault, Gardon, Ardèche, Huveaune and Var, varies from 373 to 6074 km 2 .
Within this domain, a specific sub-domain consisting of the low lying areas with a dry Mediterranean climate was defined. The northern limit of the domain was fixed at 45 • N (the limit commonly accepted for the Mediterranean climate in this region) and the altitude was limited to 1000 m a.s.l to avoid areas with significant snow cover (less than one month below 1000 m a.s.l.). This sub-domain is called "MedDom" (Mediterranean domain) hereafter. The surface of MedDom is 60 000 km 2 , around 40 % of the original domain, hereafter called "FullDom". The delineation of MedDom can be seen in Fig. 1 .
The climate characteristics of the area have been described by Quintana-Seguí et al. (2010) . The mean annual temperature is around 15 • C near the coast, decreases to 10 • C in the north, and is much lower in mountainous areas. The mean annual precipitation does not exceed 510 mm yr −1 near the coast and increases with altitude. Maxima can be seen in the northern part of the French Alps, in the Jura mountains, and the Cévennes. Precipitation in the Cévennes is mainly due to Mediterranean storms affecting the region from September to December.
The hydrometeorological model
The hydrometeorological model used in this study is derived from the SIM chain of models described in . It is composed of the coupling of the ISBA surface scheme ( and Planton, 1989; Noilhan and Mahfouf, 1996) and the hydrological model MODCOU (Modélisation couplée nappesurface, Ledoux et al., 1989) . Usually, ISBA-MODCOU is forced by the SAFRAN meteorological analysis (described below in Sect. 4.2). In our study, ISBA-MODCOU is forced by data derived from climate scenarios.
ISBA is a soil-vegetation-atmosphere transfer (SVAT) scheme. It is used to simulate the exchanges in heat, mass, momentum, and carbon (if relevant) between the continental surface (including vegetation and snow) and the atmosphere. In SIM , the three-layer force restore version of the model is used (Boone et al., 1999) , together with the explicit multilayer snow model (Boone and Etchevers, 2001) . It accounts for a subgrid runoff (Habets et al., 1999b) and a subgrid drainage schemes (Habets et al., 1999a) . All these options were used in this study.
The formulation of stomatal conductance in the original version of ISBA (ISBA-Standard) represents the impact of the photosynthetically active radiation on stomatal aperture, the soil water stress, the vapor pressure deficit of the atmosphere, and the air temperature (Jarvis, 1976) . In order to simulate the direct effect of CO 2 on plant physiology, a CO 2 -responsive version of ISBA (ISBA-A-gs) has been developed. ISBA-A-gs (Calvet et al., 1998) simulates the stomatal conductance considering the functional relationship between the stomatal aperture and photosynthesis, based on the biochemical A-gs model proposed by Jacobs et al. (1996) under well watered conditions. The CO 2 concentration in the atmosphere is taken into account explicitly by the photosynthesis model. The model also includes a representation of the soil moisture stress using two plant responses to drought, depending on the vegetation type (Calvet, 2000 , Calvet et al., 2004 . ISBA-A-gs also simulates the green LAI, by using a simple vegetation growth model (Calvet and Soussana, 2001 ). The model simulates two aboveground biomass reservoirs: the leaf biomass and the aboveground structural biomass. The reservoirs are fed by the net assimilation of CO 2 , and decreased by turnover and respiration terms. Phenology is modeled implicitly: the leaf biomass turnover term is driven by photosynthesis, and LAI is proportional to the leaf biomass. Nitrogen dilution limits the CO 2 fertilization effect, which tends to increase the biomass. In this study, nitrogen dilution is accounted for by parameterizing the change in leaf nitrogen mass-based concentration N L in response to a rise in CO 2 concentration. This parameterization has been proposed by Calvet et al. (2008) : the sensitivity of leaf nitrogen concentration versus CO 2 concentration is accounted for by using the meta-analysis of the literature carried out by Yin (2002) . ISBA-A-gs has been tested and validated at local (e.g. Sabater et al., 2007) and global scales Within a grid box, ISBA can be run on each of the 12 land surface types (bare land, bare rock, permanent snow and ice, deciduous broadleaf forest, evergreen broadleaf forest, needle-leaved forest, C3 crops, C4 crops, irrigated crops, C3 herbaceous, C4 herbaceous, wetlands) represented by the model, or using aggregated parameters. In order to take the variability of ecosystems within a grid box into account, ISBA-A-gs can only be run in a tile version: in each grid box, the model simulates the evolution of the prognostic variables for each vegetation type (or patch) that is present in the grid box. Fluxes and LAI are averaged over the grid box. In this study, ISBA-Standard is used in the same tile configuration to facilitate the comparisons. In both cases, the parameters of the model are given by the ECOCLIMAP2 physiographic database, described in the next section. The tiled version of ISBA-Standard and ISBA-A-gs used in this study, as well as ECOCLIMAP2, are imbedded into SURFEX (SURFace Externalisée, Martin et al., 2007) , the surface modeling platform of Météo-France. Table 1 summarizes the characteristics of the different versions of ISBA used in this study.
The surface runoff and bottom drainage calculated by ISBA over each grid box are transferred to the hydrogeological model MODCOU (Ledoux et al., 1989) . MODCOU calculates the temporal and spatial evolution of the aquifer (if present) using the diffusivity equation. Then it calculates the interaction between the aquifer and the river and finally routes the surface water to the rivers and within the rivers using an isochronistic algorithm. It calculates river discharges with a time step of three hours. The time step used to calculate the evolution within the aquifer is 1 day. In this version of MODCOU, only the major aquifers are simulated. Hence, only Rhône/Saône aquifer is explicitly simulated in the region under study. The other aquifers are simulated using the subgrid drainage parametrization.
The resolution of ISBA is 8 km, while the resolution of MODCOU varies between 1 and 64 km, according to the terrain.
Databases

Soil and vegetation database
The vegetation parameters (albedo, emissivity, roughness length, LAI, vegetation fraction, and physiological parameters) are given by the ECOCLIMAP2 (Faroux et al., 2009) database, which is a recent update of the ECOCLIMAP database (Masson et al., 2003) over Europe. ECOCLIMAP2 provides a coherent ensemble of key parameters for ISBA at a wide range of horizontal scales. The general strategy for mapping the surface is achieved in two steps. First, a land cover classification is set up to gather pixel values that are consistent in terms of NDVI values derived from the AVHRR sensor. Second, on the basis of the classification and using existing land cover maps, lookup tables allow similar values of surface parameters to be assigned to all the pixels of the same class. The LAI estimate of ECOCLIMAP2 is based on the MODIS LAI product, collection 4 (Yang et al., 2006) . The MODIS data are available at a spatial resolution of 1/120 • and a temporal resolution of 8 days. They are linearly interpolated to fit the ECOCLIMAP2 10-day temporal resolution and its 1-km spatial resolution.
The soil texture information (clay and sand proportions) for all runs comes from the soil geographical database (BDGSF) of the French Institut National de Recherche Agronomique (http://www.gissol.fr/programme/ bdgsf/bdgsf.php). This base uses the FAO methodology to determine soil types suited to the French context. France is divided into typical soil units with homogeneous properties, based on regional sampling. Seguí et al. (2010) . SAFRAN (Durand et al., 1993) produces an analysis of near surface atmospheric variables at a resolution of 8 km using observations from the automatic, synoptic, and climatologic networks of Météo-France and a first guess from a large scale operational weather prediction model. For most atmospheric variables, the analysis is made using optimal interpolation, but for incoming solar radiation and downward infrared radiation, SAFRAN uses a radiative transfer scheme (Ritter and Geleyn, 1992) . A more detailed description of SAFRAN can be found in Quintana- . The data were interpolated over the 8 km grid used to force ISBA. The accuracy of the SAFRAN atmospheric forcing has been evaluated by and Vidal et al. (2010) .
Future climate data were derived from an IPCC SRES A2 simulation performed with the coupled Sea Atmosphere Mediterranean Model (Somot et al., 2008) . This model results from the coupling of an atmospheric model with an oceanographic model. The atmospheric model is ARPEGEClimate (Gibelin and Déqué, 2003) , zoomed on the Mediterranean region at a resolution of 50 km; and the oceanographic model is OPAMED (Somot, 2005; Somot et al., 2006) , with a resolution of about 10 km over the Mediterranean Sea. For the 21st century, the simulation was done using the IPCC SRES A2 (high economic and demographic growth, Nakicenovic et al. 2000) and covered a period of 140 yr: 1961-2099. This simulation was performed in the framework of the French CYPRIM project (http://www.cnrm.meteo.fr/ cyprim/) and will be referred to as "CYPRIM" or "CYP" in the following.
This simulation was then downscaled to the 8 km grid using the classical quantile mapping method (Wood et al., 2004; Déqué et al., 2007) described by Quintana-Seguí et al. (2010) . The variables needed to force ISBA (precipitation, temperature, wind speed, humidity, solar radiation and downward atmospheric radiation) simulated by the GCM according to their distribution came from the reference database (SAFRAN). For each cell, a correction was calculated for each percentile of the distribution of each variable of interest at the daily time step by comparing the observed distribution to that of the closest model cell. Each season was treated separately. To interpolate the variables into the hourly time step (from the daily time step), which was necessary for the hydrological model, a mean daily cycle was calculated for each variable using SAFRAN. For the temperature, the correction was calculated for the daily maximum and minimum; hence, the daily cycle was modified according to these two variables.
Discharge database
Discharges at a total of 204 stations (Fig. 1) were simulated by MODCOU over the area. Among them, a subset of 177 stations with sufficient data of good quality was selected to validate the model simulations for the present climate. The selected stations covered the whole of the studied domain, had very few missing data, and according to the "Banque hydro" (http://www.hydro. eaufrance.fr), were not seriously affected by anthropization (for example hydropower generation facilities or irrigation for agriculture). For the comparison with the future climate, all stations were used. 
Present climate simulations
The twelve-patch versions of ISBA-Standard and ISBA-Ags were run with the downscaled CYPRIM forcing over the 1970-2000 period. A two-year spin up was performed in order to initialize ISBA, while the initial state of MOD-COU was taken from the existing long-term simulation of Quintana- Seguí et al. (2010) . Table 2 compares the yearly and seasonal CYPRIM temperature and precipitation data with the reference SAFRAN analysis for the FullDom and MedDom domains.
Meteorological variables
For FullDom, the CYPRIM scenario underestimates the reference SAFRAN mean annual air temperature by 0.33 • C. The underestimation reaches 0.64 • C in winter. This bias was noted by Quintana-Seguí et al. (2010) who explained the difference by the fact that the downscaling method was calibrated on a different period than the period studied here. Regarding precipitation, the annual averages are very closeeven at the seasonal scale. When considering the southern part of the domain (MedDom) only, the same type of difference between SAFRAN and CYPRIM is observed. It should be noted that precipitation is lower and air temperature higher than for FullDom. Figure 2 shows the FullDom mean annual cycle of LAI simulated by ISBA-A-gs together with the ECOCLIMAP2 estimates. The LAI estimated by ECOCLIMAP2 presents an annual cycle with a minimum value (1.2 m 2 m −2 ) in February and a maximum (3.3 m 2 m −2 ) at the end of June. After this peak, the LAI decreases steadily until winter. The annual cycle of the LAI simulated by ISBA-A-gs is more pronounced and presents different behavior. The minimum LAI is reached in January and is lower (0.6 m 2 m −2 ), and the maximum LAI is reached in July (4.3 m 2 m −2 ). The ISBA-A-gs LAI is lower than the ECOCLIMAP2 reference in wintertime and springtime, and higher than ECOCLIMAP2 during the other seasons. For the Mediterranean part of the domain (Fig. 3) , the ECOCLIMAP2 LAI cycle is less pronounced than for the whole domain (1.5 to 3.0 m 2 m −2 ); and this tendency, although attenuated, is also reproduced by ISBA-A-gs.
LAI
This general behavior masks significant local variations. The spring LAI (Fig. 4 ) presents significant differences between ISBA-A-gs and ECOCLIMAP2. A good agreement can be seen for the Alpine vegetation and in Corsica. In the northern part of the domain, ISBA-A-gs underestimates the LAI, both in plain areas and in mid elevation mountains (Jura). In these regions, there is a delay of about one month in the vegetation onset. These results are consistent with the result of Brut et al. (2009) that pointed out, despite the large uncertainty in satellite LAI retrievals, the difficulties of ISBA-A-gs in simulating the leaf onset of C3 crops and of mountainous grasslands over southwestern France. Lafont et al. (2010) confirmed such a delay, with regional variations in a study at the scale of France. In contrast, the ISBA-Ags LAI is higher in most of the low lying area in the south of the domain, an area close to the MedDom domain. Another difference with the satellite estimates is the strong LAI decrease in this region in July (Fig. 3 ), in relation with the limitation of the water available for plant growth, followed by a weak secondary maximum in September after the first autumn rainfalls.
Water balance
The average evapotranspiration and total runoff are shown in Table 2 . On a yearly basis, the ISBA-A-gs evapotranspiration (1.32 mm d −1 ) is lower than the evapotranspiration simulated by ISBA-Standard (1.44 mm d −1 ). This difference is maximum during spring and can be attributed to differences in the formulation of evapotranspiration in the models as the LAI of both models are of the same order of magnitude, as shown in Fig. 2 (the prescribed LAI for ISBA-Standard is derived from ECOCLIMAP2). The differences are less marked in the other seasons, especially in autumn and winter when evapotranspiration is low. In summer, the evapotranspiration is maximum in both models. The MedDom domain is characterized by lower precipitation, higher air temperature, and a significantly lower snow cover than the full domain. In consequence, the annual evap- otranspiration rate is of the same order of magnitude as for the full domain, but the seasonal distribution is modified. Evapotranspiration is higher in winter and spring than in FullDom because of the absence of a significant snow cover. It is lower in summer because of drier soils in this part of the domain. In autumn, on average, the rain reaches a maximum and the evapotranspiration is almost equivalent to the value for the entire domain.
The total runoff simulated by ISBA-A-gs is higher than for the ISBA-Standard (1.70 mm d −1 for ISBA-A-gs versus 1.57 mm d −1 for ISBA-Standard, yearly). For the MedDom, the runoff is considerably lower (63 % of the value of the full domain on a yearly basis). The difference is more pronounced in spring in relation to the snowmelt. While the total runoff represents 43 % of the total precipitation in MedDom, this proportion reaches 55 % for FullDom (ISBA-A-gs).
Discharge
The discharges simulated by the model were compared to the discharges observed at the stations described in Sect. 4.3 and shown in Fig. 1 . The ISBA-Standard anomaly is +1.8 %, so the standard model performs better than ISBA-A-gs (+10.0 %) here. This result is consistent with the differences shown in Table 2 (higher runoff and lower evapotranspiration for ISBA-A-gs). Figure 5 shows the dispersion of the scores for individual stations. The distribution of error is similar for both models but ISBA-A-gs presents a general shift toward higher anomalies.
Future climate simulations
The impact of climate change was investigated using the ISBA-A-gs and the ISBA-Standard versions in order to assess the impact of the direct effect of CO 2 on vegetation and on hydrology. In addition, a third run was executed with a specific version of ISBA-A-gs in which the CO 2 concentration was left at its present value and the nitrogen dilution was simulated with the present CO 2 value (ISBA-Ags/NoCO2N). The objective of this run was to evaluate the effect on the vegetation behavior and hydrological variables when changes were applied to the meteorological forcing only. Three 30-yr simulations (August 2069-July 2099) were performed with the downscaled CYPRIM data in a manner similar to the present climate runs.
Meteorological variables
The air temperature and precipitation anomalies of the climate scenario are shown in Table 3 . The climate scenario results in a significant annual precipitation decrease for FullDom (−10 %). The most affected season is summer (−20 %), while winter precipitation remains stable. The same trend is found for MedDom (−13 % for the annual average): the spring and summer seasons present the largest decreases ( -20 and -30 %, respectively) . Yearly air temperature anomalies are +3.5 • C for both domains. The maximum air temperature anomaly is found in summer, while the minimum anomaly is found in spring for FullDom and MedDom.
Snow processes
The impact of snow processes is identical in all models as they share the same snow model. The simulated snow cover diminishes drastically at all elevations. In winter the impact is marked at low and mid elevation and the snow-free area is significantly increased. In consequence, the evapotranspiration increases in all models (+30 to +33 % for FullDom, Table 3). On other areas, the increase is only due to the warmer conditions and is therefore smaller (+15 to +18 % for MedDom). The discharge increases significantly in mountainous regions because the proportion of rainfall and the snowmelt increase in winter. The impact on snow cover can also be seen in spring, a season were the evapotranspiration increases in mountainous areas (+7.3 % to +17 % for FullDom). 
Impact on vegetation
While ISBA-Standard assumes an unchanged seasonal LAI distribution, ISBA-A-gs calculates the LAI dynamically, as- suming that no change in land cover or land use occurs. The mean LAI time series corresponding to the end of the 21st century is shown in Figs. 2 and 3 for the two domains (dashed curve). Over FullDom, the ISBA-A-gs LAI (blue dashed curve) occurs slightly earlier and the maximum is lower than for the present climate (3.6 m 2 m −2 ). The inclusion of the vegetation response to the direct effect of the CO 2 concentration and the nitrogen dilution tends to diminish the LAI but has almost no effect on the date of the maximum. Then there is a rapid decrease in July, more pronounced than in the present climate. The impact on LAI is maximum from June to October. When looking at aggregated results for MedDom in the future climate (Fig. 3) , the most striking feature is that the LAI during the August-October period is very close to its winter value, indicating profound changes in the vegetation cycle. The secondary maximum persists, but occurs at the end of October. Figure 6 shows the anomalies of springtime and summertime LAI of ISBA-A-gs between 2069-2099 and 1970-2000. In spring, the LAI decreases in most low lying areas. In summer, the LAI anomaly is negative over most parts of the domain except in mountain areas. The diminution seems smaller near the Mediterranean shore west of the Rhone, but this is only due to high proportion of bare soil (40 %) in this region (both models share the same bare soil evaporation parameterization). In high mountains, there is a large increase in the LAI of grassland as a consequence of reduced snow, warmer seasonal conditions, and water availability. The impact is neutral at mid elevations in the Alps and in the Jura mountains where conifer forests and grassland coexist.
In the ISBA-A-gs/NoCO2N run, the leaf onset occurs earlier (by about one month) in Figs. 2 and 3. Over FullDom, the annual maximum LAI is reached earlier and is almost the same as for the present climate (4.3 m 2 m −2 versus 4.4 m 2 m −2 in the present climate). The spatial variations follow the same patterns as the ISBA-A-gs run. The differences in the two versions are especially marked at the onset of vegetation and during spring. On average, the fertilization and antitranspirant effect, combined with the nitrogen dilution, tends to limit the simulated LAI when compared to the ISBA-A-gs/NoCO2N run. The latter run illustrates that the vegetation response to an exceptionally hot year under the present climate does not correctly predict the vegetation behavior under future conditions.
Evapotranspiration and soil wetness
Evapotranspiration anomalies (Fig. 7 for ISBA-A-gs and ISBA-Standard) are highly variable over the domain. In spring, there is a decrease in the south of the domain, especially along the Mediterranean coast, while evapotranspiration increases in other parts of the domain. The maximum increase is located in the mountain area, in relation with the reduced snow coverage and vegetation development for the ISBA-A-gs version. ISBA-A-gs shows a tendency toward more evapotranspiration when compared to ISBA-Standard, with a difference that is quite evenly distributed: increased evapotranspiration in the mountain area, smaller decrease in the other regions. Both versions give very similar values in the coastal zone where the bare soil proportion reaches 40 %. Averaged over the whole domain, ISBA-Standard has the lowest increase in evapotranspiration (+7.3 % for FullDom, Table 3 ), the two versions of ISBA-A-gs present a higher increase in evapotranspiration (+17 % for ISBA-Ags/NoCO2N, +13 % for ISBA-A-gs, Table 3 ).
In summer, the ISBA-Standard variation is more pronounced than for ISBA-A-gs versions (−12 % for ISBAStandard versus −6 % for ISBA-A-gs and ISBA-Ags/NoCO2N, Table 3 ). It should be noted that, at the same time, the SWI variations are more pronounced in the ISBA-A-gs version than in the ISBA-Standard version (Fig. 8) .
In autumn, in relation with the drastic diminution of the LAI in ISBA-A-gs, this model presents a more pronounced decrease of evapotranspiration than ISBA-Standard.
The soil wetness variations are consistent with the changes already discussed for the LAI and evapotranspiration. Figure 8 shows anomalies of SWI for ISBA-A-gs and ISBAStandard between future and present climates in spring and in summer. In spring, both versions simulate a soil wetness lower than in the present climate, except in mountain areas (advanced snowmelt) for spring. The decrease in terms of spatial distribution and intensity is very similar in both versions. In summer, the soil moisture decrease is more pronounced, with a maximum in the mountains (Alps and Pyrenees). However, in very high mountains, the soil remains well watered and allows enhanced vegetation development (Fig. 6) . Generally, ISBA-A-gs and ISBA-Standard present the same spatial and temporal behavior. However, in summer, ISBA-A-gs variation is higher over the entire domain as a consequence of a different annual cycle for both evapotranspiration and vegetation. Figure 9 shows the spatial distribution of the anomalies of the mean seasonal discharge associated with their significance for ISBA-A-gs. The significance of the anomalies was evaluated using an adaptation of the Student's test that does not require the assumption of equality of the variances of the compared samples. This adaptation is often referred to as Welch's test (Welch, 1947) .
Discharge
The highest increases in winter discharges are located in the mountainous part of the domain (Alps, Jura, eastern Pyrenees), while in most areas, a slight decrease is observed. In spring the decrease is more pronounced near medium elevation mountains (Jura and eastern Pyrenees), while an increase is observed in a few gauging stations of the central Alps only. The decrease is maximum over the whole domain in summer. In autumn, due to increased precipitation, the impact is less pronounced in the south (with some gauges recording increased discharges). However, the changes are significant in the north of the domain (Saône plain and the foothills of Jura). The presence of an aquifer that smoothes the hydrological response to climate explains the specific response of this region. confirming that the impact is more pronounced with ISBA-A-gs. On average, the anomaly is −24 % with ISBA-A-gs/NoCO2N, −23 % with ISBA-A-gs, and −22 % with ISBA-Standard, which is consistent with the anomalies of the total runoff (−19 %, −18, and −17 %, respectively). Table 4 presents the number of stations where the changes are significant for each model and for each season and on an annual basis. In all seasons, ISBA-Standard presents the smallest number of stations with significant changes. The most important differences between ISBA-Standard and ISBA-A-gs models are seen for the year and for autumn (a season with marked hydrological changes in ISBA-Ags). These results show that the explicit treatment of the vegetation response to climate change tends to increase the hydrological impact of climate change. With a greater effect on LAI and evapotranspiration, ISBA-A-gs/NoCO2N shows the highest impact.
Conclusions
This study is a contribution to the question of uncertainty caused by the impact model in climate change studies. Specifically, we studied how the inclusion of a dynamic vegetation scheme in the ISBA land surface model affected the hydrological impact on the continental surface in the context of an increased atmospheric CO 2 concentration. The study focused on the Mediterranean area of France. The impact on hydrological variables simulated by ISBA-Standard (with prescribed vegetation), and ISBA-A-gs (with dynamical vegetation), were compared using the same downscaled SRES A2 climate scenario.
In present climate conditions, ISBA-Standard obtained better results than ISBA-A-gs, which slightly overestimated the observed discharges over the area. In addition, ISBA-A-gs presented a different LAI distribution, with higher LAI than ECOCLIMAP2 in summer and autumn.
At the end of the 21st century, on a yearly basis, both ISBA-A-gs and ISBA-Standard agreed on a decrease of total runoff (−18 % for ISBA-A-gs, −17 % for ISBA-Standard), but with seasonal and regional contrasts due to differences in the model physics. In winter, the general increase in evapotranspiration was similar in both models and could be attributed to the decrease in snow cover. The model differences could be seen clearly in spring and summer, with a tendency of ISBA-A-gs to evaporate more than ISBA-Standard (higher increase in mountainous regions, where evapotranspiration increases in both models, and smaller decrease in other regions). This difference illustrated the importance of the role of the vegetation changes in the response on a seasonal scale. The response of ISBA-A-gs was governed by the complex interaction of the CO 2 fertilization and antitranspirant effect, combined with the nitrogen dilution and increased soil stress. In contrast, the ISBA-Standard response was constrained by the unchanged LAI and stomatal conductance. This experiment showed that more significant changes in the hydrological impact were obtained using the version of ISBA that explicitly accounts for changes in the vegetation cycle.
An intermediate version of the ISBA-A-gs, with no changes in CO 2 concentration or nitrogen dilution, was used to evaluate the impact of changes only in the meteorological forcing. On average, the ISBA-A-gs/NoCO2N version presented higher variations in LAI and evapotranspiration than ISBA-A-gs, showing that the impact of the direct CO 2 effect on plant physiology combined with nitrogen dilution moderates the reaction of the model to changes in the meteorological forcing. The direct CO 2 effect and the nitrogen dilution in the model tended to reduce the impact on LAI and on spring and summer evapotranspiration, meaning that the nitrogen dilution is a key limiting factor for plant development in this region. However, given the large uncertainty in the leaf nitrogen response to an increase in CO 2 concentration and the fact that the formula proposed by Yin (2002) captured only 41 % of the variance of the sample, this result needs to be confirmed by studies with other land surface models. Another conclusion of this study is that the hydrological response in the future cannot be deduced from the hydrological response to anomalous years in the present climate.
The differences in total runoff impact, only 1 % between the two models, were lower than the differences found by Quintana- Seguí et al. (2010) for the same area by comparing three downscaling methods on the same scenario for the middle of the 21st century (7 %), and lower than the uncertainty associated with the GCM. It appeared that, at the scale of the region studied, ISBA-A-gs did not significantly modify previous conclusions obtained with ISBA-Standard on the hydrological budget. These quite small changes between the two versions of ISBA can be attributed to internal compensation effects, despite different evapotranspiration, water stress, and LAI variations formulations. Nevertheless, the use of a CO 2 -responsive land surface scheme in climate impact assessment studies led to differentiated results, depending on the vegetation type (development of mountain vegetation and decrease of vegetation in the low lying areas) and on different seasonal responses. Only this version could modify the mean vegetation cycle, which is greatly affected in this region.
This study was a first attempt to use a CO 2 -responsive version of ISBA for climate change impact studies at the regional scale, introducing some regional differences in the vegetation and water cycle when compared to the ISBAStandard version. The modeling approach applied here provides a useful tool for assessing the effects of future climate changes. In addition, the ISBA-A-gs model allows more detailed studies on specific natural or managed vegetation types, as well as for agriculture, which is an important issue for future impact and adaptation studies. A further step would be to prescribe changes in the land cover and land use consistent with the climate change and according to the socioeconomic scenario. This possibility will be explored in future studies.
